INTRODUCTION
The use of DU as a WP fill material has been investigated. A synthesis of laboratory data on oxides and silicates, hot-cell tests on SNF, geological field data, and other data provide the technical basis for the concept.
MECHANICAL AND CHEMICAL DESCRIPTION
SNF repository WPs are loaded with SNF and then filled with DU dioxide and/or DU silicateglass beads, which are sufficiently small (<1 mm) such as to fill coolant channels in the SNF assemblies. The DU enrichment levels are as low as 0.2 wt % u5U. DU is added to the package to reduce the total fissile concentration in the waste package below 1 wt % of the heavy metal.
Filling has been demonstrated [ 11 with steel shot on light water reactor (LWR) dummy &el elements. Canada [2] has conducted extensive tests to fill empty spaces with small particles within WPs containing simulated Canadian Deuterium Uranium (CANDU) SNF. The Canadian WP is a thin-walled, titanium container in which the SNF and fill material must support the WP against external hydrostatic pressure after burial. Canadian tests investigated different particle sizes, different mixtures of particle sizes, alternative fill materials, vibratory filling with different vibration frequencies and amplitudes, and other factors. Tests included successkl full-scale WP hydrostatic tests (10 MPa, 150 O C) of the filled WP.
Representative designs of WPs with DU fill are shown in Table I . These designs cover the expected range of designs from a relatively low-uranium content silicate glass to UO,. 
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REPOSITORY BENEFITS
The expected repository failure mode is radionuclide migration to the open environment by (1) water leaching of SNF, (2) dissolution of radionuclides and generation of colloids, and (3) transport of those radionuclides in dissolved or colloidal forms to the open environment. Two mechanisms reduce radionuclide release rates: (1) minimize the water flow through the W P and (2) reduce the dissolution of radionuclides into groundwater. Most fission products and actinides within SNF are incorporated into UO, spent &el pellets.
Upon WP failure and after entry of groundwater into the WP, these fission products and actinides can not escape the UO, crystals until the UO, dissolves or is transformed into other chemical species.
The solubility of uranium in reducing groundwater is very low -about 1 ppb [5] . This solubility is about four orders of magnitude less than the solubility of uranium under oxidizing conditions. Radionuclide releases are extremely limited under chemically reducing conditions [SI because the UO, does not dissolve and release the radionuclides incorporated within its structure. There are several other beneficial effects. Chemically-reducing conditions minimize the solubility and transport of several other long-lived radionuclides (e.g., neptunium and technetium). Such conditions also reduce the formation and transport of radionuclides as colloids.
With the use of UO, or uranium silicates with uranium in the +4 valence state, the DU fill ensures chemically reducing conditions within the WP for an extended time independent of external groundwater chemistry. After a WP failure, any oxygen in the groundwater would first encounter the DU before it encounters the SNF. The DU in the +4 chemical state would be oxidized to the +6 chemical state through a series of oxidation steps, thus removing the oxygen from the groundwater.
Saturation of groundwater with DU.
Surrounding the SNF with DU saturates any groundwater within the package with uranium. This saturation slows the SNF dissolution process. DU-saturated groundwater can not dissolve additional SNF uranium.
Creation of Mass Transfer Barriers to Radionuclide Transport
In oxidizing groundwater, after a loss of chemically reducing conditions in the WP, the addition of uranium silicates may also reduce SNF transformations and dissolution -but by other mechanisms. Because oxidizing groundwater usually contains silicates, the long-term evolution of a W initially filled with DU dioxide or DU silicate in many ways will be similar. The groundwater can provide silicates to a WP containing only oxides.
Solubilitv limits. Uranium silicates are less soluble in most groundwaters than are most other uranium compounds. This low solubility reduces the quantity of uranium that can dissolve in a unit of groundwater. The slower dissolution of uranium silicates compared to uranium oxides in oxidizing groundwater implies that longer times will occur before the uranium in the WP is dissolved and transported away from the WP. Low rates of dissolution of uranium imply slow formation of flow channels from uranium dissolution through the SNF with slower groundwater flow.
However, the solution is saturated with respect to uranium silicates, not uranium oxides. The availability of silicates can accelerate initial transformations of uranium oxides to less soluble silicates in the SNF and bring about the release of soluble radionuclides to the groundwater during the transformation. The details of the chemical transformation from uranium oxides that are somewhat soluble in oxidizing groundwater to much less soluble uranium silicates determine which actinides and fission products are better isolated after the transformation as compared to before the transformation.
Mass transfer barriers. A DU-silicate-saturated solution can form insoluble, protective layers of uranium silicates over the UO, crystals within the SNF. This phenomenon is expected to slow uranium alteration and dissolution after initial dissolution of surfaces and has been observed in natural uranium ore deposits under oxidizing groundwater conditions [ 6 ] . Any surface silicates that are formed are stable because the groundwater is saturated in uranium silicates that are thermodynamically stable in oxidizing groundwater.
Protection Against Variable Groundwater Chemistry
The use of DU, particularly UO,, provides a mechanism to counteract any unexpected changes in groundwater that may accelerate degradation of the SNF. Groundwater chemistry can change because of climatic changes and human activities (e.g., irrigation, groundwater pumping, liquid waste injection, etc). The DU UO, acts as a sacrificial chemical to absorb changes in groundwater chemistry and delay their effects on the SNF UO,.
Minimization of Groundwater Flow in W
DU fill lowers the hydraulic conductivity within the W and thus ensures low groundwater flow rates inside the WP. Water flow is the primary mechanism for the transport of radionuclides to the open environment. The release of many radionuclides is controlled by solubility limits. Other radionuclides may be transported by colloids. The slower the flow of groundwater, the slower the transport of radionuclides.
During oxidizing conditions, UO, will oxidize to higher valence-state uranium oxides which -have Iower densities [7] . In oxidizing groundwater, the DU oxide will evohe to lower-density, hydrated uraium oxides. Silicates and hydrated uranium oxides hrther evolve to hydrated uranium silicates. These changes have been observed in the laboratory and in uranium ore deposits [8, 9] . This volume expansion fills void space and creates a self-sealing WP and thus minimizes water flow. Figure 1 shows this evolutionary sequence as it has been observed in natural uranium ore bodies with oxidizing groundwater [ 101. Because of the high surface area of the beads, they will expand and choke off water flow before the SNF uranium evolves to hydrated uranium silicates. Expansion of the fill can be controlled by the choice of fill material. 
Reduction of Repositow Low-Term Radionuclide Release Rate Under Reducing Groundwater Conditions
With chemically-reducing groundwater, UO, fill is preferred. DU dioxide helps maintain within the W P strong chemically reducing conditions that minimize the oxidation and dissolution of SNF UO,. The DU saturates the local WP groundwater with uranium; this saturation effect fbrther depresses dissolution of SNF UO,.
Reduced Potential For Repositow Nuclear Criticality
As a fill material DU reduces the potential for repository nuclear criticality events. Long-term, low-power, repository nuclear-criticality events are a major concern because they generate heat that (1) accelerates degradation of WPs and (2) accelerates the water movement that may transport radionuclides to the environment. materials. Neutron absorbers include 238U, boron, gadolinium, and other materials. Neutron absorbers (except 238U) leach from WPs and travel at rates different from the SNF uranium through the geologic media because of the different chemistries of the absorbers in groundwater. The only neutron absorber that does not separate from 23sU over geological time fiames is 238U. This phenomenon creates the potential for criticality events if the fissile concentration in the repository SNF is sufficiently high. That the fissile content of LWR SNF is sufficient to cause nuclear criticality can be demonstrated by comparing the expected fissile concentrations in the repository (1.47 wt %) with fissile concentrations at shutdown (1.3 wt %) in naturally occurring reactors [ 1 11 in the Oklo mining district in Gabon, Afiica. Theoretical analysis yields similar conclusions [ 121.
Whether nuclear criticality will, in fact, occur in a specific repository depends upon the longterm evolution of the chemical conditions. The addition of DU as a SNF W P fill lowers the uranium enrichment in each waste package and, consequently, in the repository as a whole below 1 wt %. Nuclear criticality can not occur with such low uranium enrichment levels in a geological environment [ 127.
In LWR SNF, half or more of the fissile material is 23?Pu. The foregoing analysis is based on the assumption that plutonium remains with the uranium until the major plutonium isotope ("'Pu) decays to 235U and can be isotopically diluted by the DU. This is ensured if the rate of plutonium decay to uranium is faster than the rate of dissolution and transport of uranium within the repository. The primary plutonium isotope, 239pu, has a half-life of 24,000 years @e., the decay rate is 3 x 10S/year).
environments. Uranium migration is extremely slow in reducing groundwater; thus, the uranium will remain near the plutonium until the plutonium decays to 235U and is isotopically mixed in the groundwater. In oxidizing groundwater, uranium is more mobile; however, uranium silicates are several orders of magnitude less mobile than many other compounds. Most groundwater contains silicates; thus, formation of uranium silicates from uranium oxides would be expected to slow uranium transport sufficiently to allow plutonium decay to uranium and isotopic dilution of the SNF uranium from plutonium with the DU. Higher assurance of criticality control may be Criticality is prevented in a repository by neutron absorbers and geometric spacing of fissile Performance assessments indicate that plutonium migration is slow in most geological achieved by including within the WP system some uranium as uranium silicates or use of excess DU in the W.
BASIS OF DESIGN
The central problem of repository design is how to predict long-term performance. Because the kinetic dissolution mechanisms of SNF degradation may be temperature dependent, results from accelerated testing of materials are difficult to interpret. The use of natural materials in WPs can minimize these uncertainties.
Uranium dioxide is currently evolving into hydrated uranium silicate minerals in multiple ore deposits with conditions similar to those of the proposed Yucca Mountain repository. Geological data on the performance of UO, over millions of years can be combined with laboratory data to provide estimates of WP performance. The use of natural WP fill materials reduces the limitations of using short-term laboratory experiments to predict repository performance for very-long times.
MANAGEMENT OF DEPLETED URANIUM
For LWR fuel production, natural uranium with a 235U content of 0.71% is separated into an enriched uranium fraction with the by-product production of 4 to 6 tons of DU per ton of enriched uranium. Currently, there is no significant use for this material. In the United States, about 400,000 t of DU is in storage.
If this material is declared a waste, existing regulatory requirements indicate that some type of geological disposal will be required [ 13,141. Use of DU within SNF WPs eliminates the separate, not insignificant, cost of disposal of this material.
CONCLUSIONS
DU inside the WP creates the potential for major improvements in repository performance, provides higher assurance of WP performance based on uranium geochemistry and provides a method to reduce the potential for nuclear criticality in a repository. As a new concept [4] , significant uncertainties exist.
